Mycobacterium tuberculosis is an infectious microorganism that causes human tuberculosis. The cell membranes of pathogens are known to be rich in possible diagnostic and therapeutic protein targets. To compliment the M. tuberculosis genome, we have profiled the membrane protein fraction of the M. tuberculosis H37Rv strain using an analytical platform that couples one-dimensional SDS gels to a microcapillary liquid chromatography-nanospray-tandem mass spectrometer. As a result, 739 proteins have been identified by two or more distinct peptide sequences and have been characterized. Interestingly, ϳ ϳ450 proteins represent novel identifications, 79 of which are membrane proteins and more than 100 of which are membrane-associated proteins. The physicochemical properties of the identified proteins were studied in detail, and then biological functions were obtained by sorting them according to Sanger Institute gene function category. Many membrane proteins were found to be involved in the cell envelope, and those proteins with energy metabolic functions were also identified in this study.
Tuberculosis (TB)
1 is the major cause of death from an infectious disease in the world resulting in an estimated 8.5 million cases of clinical tuberculosis and 3 million deaths/year (1) . The emergence of TB associated with HIV and multidrugresistant TB has increased the threat to public health. The World Health Organization recognized the global emergency of TB in 1993. Mycobacterium tuberculosis (MTB), the etiologic agent of TB, can replicate in host cells by escaping host cell defenses. The interactions between MTB and its host appear to be very delicately balanced (2, 3) . Meanwhile, newly emerging drug-resistant strains of MTB are more difficult to cure, and they cause more fatal cases. Therefore, there are critical needs to identify new drugs or vaccines for MTB therapeutics. The recent completion of the genome sequence of the virulence MTB strain H37Rv (4) has provided new biomolecular insights into the mycobacterial cells.
Proteomics, the global analysis of the proteins expressed in a cell or tissue, provides a very promising approach for the large scale identification of proteins, their complexes, and their functions (5) , which is required for the design of more effective and precise therapeutics or drug design (6) . Therefore, the proteomic analysis of MTB strains is critical for an understanding of the molecular basis of its virulence and pathogenicity. A number of proteomic studies, mainly twodimensional gel electrophoresis (2-DE)-based, have been carried out to identify proteins in various MTB strains and their subcellular localizations, including culture filtrate proteins and cell wall and cytosol fractions (7) (8) (9) (10) (11) (12) . These results demonstrate how the proteomics approaches complement genomics by profiling the protein products of the expressed genes. Further, the open reading frames in the MTB H37Rv strain that were not predicted from genomics were found by proteomics (13) .
In the lipid environment of a cell membrane, many proteins are involved in important metabolic and biosynthetic processes (14) . A functional genomics study of the pathogenicity of MTB implicated 16 genes in the virulence of this pathogen, and most of their products appeared to be involved in membrane transport and lipid metabolism (15) . When MTB invades host cells, the capsule containing the mycobacterium forms just outside the membrane and cell wall of the bacterium. This interface between the host and the pathogen includes many important membrane surface enzymes/transporters involved in intercellular multiplication and the bacterial response to host microbicidal processes (16) . Profiling the proteins or virulent factors actually expressed in the membrane compartment will reveal information on these pathways and possibly lead to the identification of new therapeutic targets. One study has focused on the very important membrane fraction of the mycobacterium to identify proteins responsible for MTB pathogenicity (17) .
From a genome-based prediction, in general, membrane proteins may represent ϳ30% of total gene products in a proteome (18) . Because of the technical difficulties in obtaining samples of membrane proteins for physical characterization, less than 1% of the proteins have been identified as membrane proteins and are available in the Protein Data Bank. On the other hand, because of the good solubility of hydrophobic proteins in 1D SDS gels, Simpson et al. (19) demonstrated the use of an integrated approach involving 1D SDS gels and capillary LC-MS/MS for the identification of 92 membrane proteins in human cell lines. Our previous studies also showed that amino acid residue-specific mass-tagged membrane proteins could be solubilized and preseparated in a 1D SDS gel and easily identified by MALDI MS (20) . In this study, we have first obtained the membrane subcellular fraction of MTB through a differential centrifugation method. Separating this fraction on a 1D SDS gel to eliminate cellular components other than proteins, each gel slice was treated with trypsin, and the peptide digests were subjected to high resolution microcapillary LC separation prior to a highly sensitive nanospray-MS/MS analysis using a tandem quadrupole TOF tandem MS instrument. More than 700 proteins including some novel membrane and membrane-associated proteins were identified from this MTB membrane fraction. Very hydrophobic proteins, even those with 15 transmembrane helices, were also detected in this study. This comprehensive proteomic overview of the MTB membrane compartment revealed to some extent the molecular basis of MTB pathogenicity.
EXPERIMENTAL PROCEDURES
Growth of M. tuberculosis and Subcellular Fractionation-MTB H37Rv cells were cultured in 2 liters of glycerol alanine salts medium in roller bottles for 14 days at 37°C with gentle agitation, washed with phosphate-buffered saline, pH 7.4, and inactivated by ␥-irradiation. The culture supernatant and cells were separated by filtration through a 0.22-m membrane. 9 g of cells (total wet mass) were recovered from the culture and resuspended in 4.5 ml of TSE (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA) supplemented with a protease inhibitor mixture (0.7 g/ml pepstatin A, 0.5 g/ml leupeptin, 0.2 mM phenylmethylsulfonyl fluoride). DNase and RNase (0.6 g/ml) were added, and the cells were broken by sequential passage through a French press cell (Thermo IEC, Needham, MA). Lysis of the tubercle bacilli was confirmed by acid fast staining. The suspension was centrifuged at 2500 ϫ g to remove any unbroken cells and debris. The clarified lysate was centrifuged at 27,000 ϫ g at 4°C for 1 h. The supernatant was then centrifuged at 100,000 ϫ g at 4°C for 4 h, and the pellet was recovered as cell membrane. The membrane pellets were washed with phosphate-buffered saline followed by centrifugation at 27,000 ϫ g for 1 h and at 100,000 ϫ g for 4 h. The membrane pellets were resuspended into 0.1 M NH 4 HCO 3 by bath sonication until a uniform suspension was obtained and were dialyzed against 0.1 M NH 4 HCO 3 , 1 mM dithiothreitol, followed by dialysis against 0.1 M NH 4 HCO 3 . Approximately 13 mg of cell membrane proteins were recovered.
One-and Two-dimensional Gel Electrophoresis-In the 1D gel approach, 200 g of protein were mixed with 50 l of SDS loading buffer and boiled for 10 min before loading on a 10-cm-long, 1-mmthick 12% SDS-polyacrylamide gel. The protein bands were visualized with Coomassie Brilliant Blue R-250 staining (Bio-Rad). The gel bands were cut continuously in the range of 8 kDa up to the loading well. A total of 45 bands were excised from the gel, and the gel slices were placed into 1-mm 3 cubes for further destaining and digestion. For a 2-DE gel, 100 g of protein were added to 350 l of rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 2% dithiothreitol, 2% IPG buffer, pH 4 -7, 1 mM benzamidine, 1.5 mM EDTA/EGTA, 1 mM sodium vanadate, 1 M microcytin-LR, 2 g/ml pepstatin-A, 10 g/ml aprotinin, 20 g/ml leupeptin) and rehydrated at 20 V for 12 h. Isoelectric focusing was performed at ambient temperature on an 18-cm Immobiline pH 4 -7 dry strip using a IPGphor II isoelectric focusing system (Amersham Biosciences). The voltage was held at 500 V for 30 min and then stepped to 1000 V and held for 2 h; next a 3-h linear gradient from 1000 to 7000 V was applied to the strips. The voltage was held at 7000 V for another 4 h. Prior to the second dimension, the strips were incubated for 10 min in equilibration buffer (6 M urea, 2% SDS, 0.375 M Tris, pH 8.8, 20% glycerol) first with 130 mM dithiothreitol and second with 135 mM iodoacetamide. Each equilibrated strip was then put onto a 20 ϫ 20-cm 10% Duracryl gel, and the second dimension was run at 500 V for 5 h in the two-dimensional gel system (Genomic Solutions, Ann Arbor, MI). The gel was silverstained as described previously (21) . The protein spots and bands were excised from the gel and in-gel digested as described previously (22) .
High Performance Microcapillary Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)-The in-gel digest of each gel slice was analyzed by a LC-nanospray-MS/MS using a QSTAR Pulsar I mass spectrometer (Applied Biosystems, Foster City, CA) coupled with LC Packings Ultimate microcapillary LC system (Dionex, Sunnyvale, CA). The PepMap C 18 column (3 m, 100 Å, 75-m inner diameter, 15-cm length) employed for peptide separation was also purchased from Dionex. The autosampler was configured using the partial loop injection mode involving a 10-l sampling loop; a preconcentration C 18 cartridge was connected with the analytical column through a 10-port switch valve. The partial loop injection method loaded a 3-l sample into the 10-l loop, which was then pumped onto the preconcentration column at a flow rate of 30 l/min by a sample-loading pump. Three min after the start of the sample loading, the 10-port valve was used to switch the preconcentration cartridge in line with the nanoflow solvent delivery system, thus enabling the trapped peptides to be eluted onto the analytical column. Mobile phase A is 0.1% formic acid and 5% acetonitrile. Mobile phase B is 0.1% formic acid and 95% acetonitrile. The gradient was kept at 5% B for 5 min, then ramped linearly from 5 to 50% B in 50 min, and then jumped to 75% B and kept for 10 min. Then the gradient was jumped back to the start point, and the column was equilibrated for 10 min. The flow rate was 200 nl/min.
The end of the analytical column was connected with a 10-m inner diameter PicoTip nanospray emitter (New Objective, Woburn, MA) by a stainless steel union (Valco Instrument, Houston, TX) mounted on the nanospray source (Protana Engineering, Odense, Denmark). The spray voltage (usually set between 1800 and 2100 V) was applied to the emitter through the stainless steel union and tuned to get the best signal intensity using standard peptides. The two most intense ions with charge states between 2 and 4 in each survey scan were selected for the MS/MS experiment, provided they passed the switching criteria of MS/MS scan. The rolling collision energy feature was employed to fragment the peptide ions according to their charge states and m/z values.
MALDI-TOF MS Peptide Mass
Mapping-All MALDI-TOF mass spectra were acquired with a PE Voyager DE_STR biospectrometry work station equipped with an N 2 laser (337 nm, 3-ns pulse width, 20-Hz repetition rate) using the reflector mode with delayed extraction (Applied Biosystems). The matrix, ␣-cyano-4-hydroxycinnamic acid, was prepared as a saturated solution in 50% acetonitrile, 0.1% trif-luoroacetic acid solvent. For MALDI-TOF analysis, 0.5 l of the matrix solution was mixed with 0.5 l of sample on the sample plate, and the mixture was air-dried to form the crystal analyte.
Protein Database Searching-Each MALDI-TOF peptide mass mapping was first calibrated with the two standard peptides (angiotensin II and oxidized insulin chain B) and then submitted to the database (NCBInr. 10.30.2002) to determine the protein identities using the MS-Fit program (University of California-San Francisco Mass Spectrometry Facility). The ProID® program loaded on the QSTAR instrument was used to interpret the LC-MS/MS data by searching against the MTB H37Rv strain databases from the National Center for Biotechnology Information (NCBI). Post-translational modifications including carboxymethylation of cysteine, methionine oxidation, and phosphorylations on serine, tryptophan, and tyrosine were also considered as possible modifications in the database search.
RESULTS

Comprehensive Protein Profiling of the MTB Membrane Fraction Using the Integrated SDS Gel-LC-MS/MS Approach-In our study, 1D SDS gel separation of the membrane fraction was performed prior to LC-MS/MS analysis.
For the purpose of the comparison, the same fraction was resolved by the commonly used approach of 2-DE in the similar molecular mass range as shown in Fig. 1 . We noted that there was a clear similarity in the 2-DE spot distribution pattern obtained from the membrane and cytosol fractions, suggesting certain highly abundant soluble proteins co-existing in the membrane fraction. The better solubility of those cytosolic proteins in a 2-DE may overwhelm low abundance membrane proteins from being visualized and analyzed in mass spectrometry. 2-DE gel separation coupled with MS identified a limited number of proteins from the more than 600 silver-stained spots on each gel. For example, the acquired MALDI-TOF MS data (100 spectra from 64 excised 2-DE protein spots) led to the identification of 33 proteins as listed in Table I . With pH 4 -7 immobilized pH gradient strips employed, our identification results covered those proteins with theoretical pIs from 4.50 to 6.30 and molecular masses from 13.4 to 70.2 kDa. Two membrane proteins with one predicted 
FIG. 2.
A tandem MS spectrum of a peptide at 1327.81 Da. This spectrum matched to the peptide sequence VPSAIWVVDTNK with a match score of 30 in the database searching, leading to the identification of its parent protein, rpsB (gi͉15610027). Another five peptides from the same protein were also identified with scores higher than 30. amu, atomic mass unit. 
FIG. 3.
The distribution of molecular mass and pI of the total predicted proteins, the predicted membrane proteins, and the actually identified proteins. a, molecular mass distribution with 10-kDa molecular mass increments. b, pI distribution of the proteins with 0.5 pH unit increments. c, distribution of the number of distinct peptides for the proteins identified. ID, identification.
transmembrane helix (Rv0677c, Rv2367c) were identified by this 2-DE-based method. Another three proteins (Rv1310, Rv2031c, and Rv2461c) were reported previously as membrane-associated proteins by Sinha and co-workers (17) .
A total of 45 consecutive 1-to 2-mm gel slices were obtained from the 1D SDS gel across the entire gel lane. The in-gel digestion extracts were vacuum-dried and resuspended in 5% acetonitrile, 95% water, 0.1% trifluoroacetic acid solution. No enrichment or desalting procedures were performed prior to sample submission for on-line LC high resolution separation and MS/MS peptide sequencing. Each MS/MS spectrum was searched against the database using the ProIDா search engine. The searching criteria set for any acceptable match were better than 98% confidence and a peptide sequence matching score greater than 30, which was considered as a high score that gave unambiguous protein identification. An example of an MS/MS spectrum with a match score of 30 is shown in Fig. 2 . The MS/MS fragment ion pattern precisely matched to the peptide sequence of the parent protein rpsB (gi͉15610027). In the same LC-MS/MS run, another five peptides that originated from this protein were also identified with scores better than 30. Individual proteins matched with two or more peptide sequences were considered to be unambiguous identifications. These identifications were further validated by searching against a reversed sequence TB H37Rv database using Gygi's method to evaluate the multidimensional LC-MS/MS data (23) . No match exceeded the criteria described above. Applying the above identification criteria to these 45 gel slices, a total of 739 proteins were identified in the MTB membrane fraction (Supplementary Table I ). As seen in our dataset, many hypothetical proteins were found to be expressed in the MTB H37Rv strain. There were some MS/MS spectra that did not result in any identifications of MTB proteins. Those MS/MS spectra gave out ambiguous database search results and therefore did not pass the threshold for positive identification. Some unmatched signals were identified as having originated from trypsin autolysis and human keratins.
Our protein identification dataset gave a much wider range of proteins in the membrane fraction than those identified from the 2-DE-based method. We first categorized total predicted proteins, predicted membrane proteins, and identified proteins according to their different physical properties. For example, in the molecular mass distribution shown in Fig. 3a , the proteins in the 20 -30-and 30 -40-kDa molecular mass ranges are the dominant species in the membrane compartment. Note also a small number of large proteins (Ͼ160 kDa). In the MTB proteome, the most of the gene products are predicted in the 10 -20-kDa molecular mass range. However, the number of proteins actually identified in the 10 -20-kDa molecular mass range was not the maximum number in the molecular mass category. The proteins in a wide pI range from 3.5 to 12 were also simultaneously identified; the protein with the maximum pI at 11.95 was the DNA-binding protein II (Rv2986c). On the pI distribution plot (Fig. 3b) , there were also two abundant clusters in the pI ranges of 4.5-7.0 and 8.5-10.5. This distribution pattern is very similar to that predicted previously using a computational approach (24) . As seen in the distribution pattern, the cluster around pI 5.0 has many more proteins than in the second cluster. In this study, the second cluster (pI 8.5-10.5) was found to contain a larger number of membrane proteins than for any other pI ranges. The pI distribution of the total predicted proteins, the predicted membrane proteins, and the actually identified proteins had the same distribution pattern.
The majority, ϳ60%, of the identified proteins had 2-4 distinct peptide sequences matched to each protein. 7% of proteins were identified through the matches of 10 or more   FIG. 4. A profile of the number of proteins identified based on both molecular mass and the number of distinct peptides matched in the database searching. In addition to the major cluster at 10 -50 kDa and 2-5 distinct peptides identified, there was a small cluster at 80 -120 kDa (Mol. Wt.) and 7-12 distinct peptides identified. ID, identification.
TABLE II Membrane proteins identified by 1D SDS-PAGE coupled with microcapillary LC-MS/MS
RefSeq ID a
No. of TMHs
unique peptide sequences for each protein (as shown in Fig.  3c ). The maximum number of 44 unique peptide sequences was found to match to a single protein identified as DNAdirected RNA polymerase ␤-chain (Rv0668) with a molecular mass of 146,769 Da. Fig. 4 shows a three-dimensional map of the correlations among the molecular mass, the number of distinct peptides, and the number of proteins identified. In the global picture of our identified protein profile, the majority of the proteins in the 10 -50-kDa molecular mass range have been identified with 2-5 characteristic peptides. Proteins found in a small cluster in the molecular mass range of 80 -120 kDa were identified by matching 7-12 distinct peptide sequences for each of them. It also suggests that there were some fairly abundant proteins between 80 and 120 kDa in the MTB membrane fraction.
A Study of Topology and Transmembrane Domain Localization of the Proteins Profiled in the Membrane Fraction-
Several of the computational methods used in membrane protein topology analysis have provided the basis for the characterization of the MTB membrane fraction. Many tools are available to predict the topology of membrane proteins, and their prediction accuracy has been improved by various modeling systems (25, 26) . TMHMM 2.0 (27, 28) , one of the best of the performance programs (26) , was used to identify transmembrane proteins in our data profile. The TMHMM 2.0 program predicts protein topology based on the sequences in FASTA format. Of the 739 identified protein sequences submitted for characterization, TMHMM 2.0 has identified 85 transmembrane proteins as summarized in Table II . Fig. 5 shows the distribution of transmembrane helix (TMH) numbers for our identified membrane proteins. More than half of the transmembrane proteins have one TMH. Other transmembrane proteins have TMHs ranging from 2 to 15, although none of them have 8, 12, 13, or 14 TMHs. Notably, the hypothetical protein Rv3910 with 15 TMHs was identified through the presence of four distinct peptide sequences.
From a genome-wide topology prediction using TMHMM 2.0, there are 787 possible transmembrane proteins with 1 to 16 or 18 TMHs, which is consistent with the genomic data provided by PEDANT (pedant.gsf.de). 10.8% of these membrane proteins were identified in our study, whereas for the proteins with 1 TMH the identification rate was 15.6%. There are 66 membrane proteins with an even number of 6 TMHs existing in the MTB proteome, much higher than those with 5 or 7 TMHs. This trend is also true for all identified membrane proteins in our profile. Thus, the success of our strategy is much improved over the average proteomic analysis. This approach of 1D SDS gel-LC-MS/MS is proven to be fully capable of the identification and characterization of hydrophobic proteins.
The membrane proteins (Rv0969, Rv3273) were chosen to demonstrate the use of sequence and topology in their characterization. ctpV (Rv0969) is known as an integral membrane protein involved in ATP/ADP catalysis and cation transportation. It is also transcribed during the response of the host cell to MTB infection (29) . This protein contains 6 TMHs as indicated in Fig. 6a . Six non-redundant peptides represent 14.9% of the protein sequence. In addition, these peptides are found in the sequences at both the inner and outer membrane segments. Rv3273, which has 10 TMHs, is also an integral membrane protein similar to carbonic anhydrase. 11.1% of this protein sequence was identified in our study. Interestingly, a peptide covering the seventh TMH from the N terminus was also sequenced by MS/MS (Fig. 6b) , suggesting that the transmembrane segments of the proteins in the membrane compartment are accessible to proteolytic enzymes.
Categorization of Functional Groups in the Proteomic Profile-The predicted proteins in the MTB H37Rv strain can be categorized in six major functional groups and 32 subgroups based on the annotation developed at the Sanger Institute (4). The classification of the 739 identified proteins in these main and sub-functional groups is shown in Fig. 7, a and b. In Fig.  7a, 38 .3% of the identified proteins are involved in small molecule metabolism, which is further subdivided according to the functions in Group I of Fig. 7b . Similarly, 21.7% of the identified proteins are involved in the metabolism of macromolecules, and these proteins are further subdivided according to their functions in Group II of Fig. 7b . Therefore, 60% of the 739 identified proteins are involved in various metabolic pathways. Another 6.6% of the protein profile (Fig. 7a) is required for various cell processes as further subdivided in Group III of Fig. 7b . The proteins classified into the functional Groups IV (other), V (conserved hypothetical), and VI (unknown functions) only represented 33.3% of our profile. In the protein profile of the functional Group I (Fig. 7b) , 32% of the proteins are involved in energy metabolism. Among the proteins in functional Group II (Fig. 7b) , 52% are involved in synthesis and modification of macromolecules, and 35% are in the cell envelope. We have also compared the number of the identified proteins with the total open reading frames predicted in each sub-functional group (Fig. 7c) . Our proteomic profile represents 25% of the total predicted gene products in the major Groups I, II, and III. Also, only 4.2% of the total predicted gene products were found in major functional Group IV, suggesting fewer proteins in functional Group IV expressed in the membrane fraction.
The 85 identified membrane proteins were distributed in all of the six major functional groups; 14, 35, 7, 3, 18 , and 8 were found in the Groups I, II, III, IV, V, and VI, respectively. Notably, 32 of the 35 membrane proteins in Group II were in the subgroup II.C (cell envelope). In this subgroup, there are lipoproteins, surface polysaccharides, proteins, and antigens, and other membrane proteins. These proteins contain many hydrophobic sequences probably required to locate them in the cell membrane. Some of the identified proteins are transporter and channel proteins, such as Rv0985c and Rv0072, and some are secreted proteases, such as Rv0291.
Also, nine of the total 16 chaperone/heat-shock proteins were identified in the MTB membrane fraction. Most of them were identified unambiguously through good sequence coverage with an average of 7.6 peptide sequences matched for each protein. This clearly shows that these trafficking proteins are extensively involved in transportation through the cell membrane, thus remaining highly abundant in the membrane fraction after subcellular fractionation. Single Peptide-based Identification-Because of the high specificity of peptide sequencing using the tandem MS technique, certain proteins could be identified by single peptide sequence matches when good quality MS/MS spectra were provided (23, 30, 31) . There were an additional 237 proteins identified by matches with single peptide MS/MS spectra as listed in Supplementary Table II 
DISCUSSION
Although 2-DE provides high resolution separation of complex mixtures through both the pI and molecular mass dimensions, the efficiency of membrane protein identification has been low because of their hydrophobicity and low abundance (18, 32) . Based on our experiences with the 2-DE-based approach, even though thiourea was used to increase protein solubility, only a few of the membrane or membrane-associated proteins were identified. The 1D SDS gel separates proteins with various physical properties for analysis without any pI discrimination. Our profile contained 66 proteins with basic pIs higher than 10, which usually are undetectable by 2-DEbased approaches. The strong SDS detergent solubilizes hydrophobic membrane proteins and helps to keep them moving in the gel. Inevitably, a single 1D SDS band may contain several proteins that lead to a mixture of peptides in in-gel digestion. However, the microcapillary LC setup prior to nanospray-MS/MS analysis provides the high resolution peptide separation and detection sensitivity required for the analysis of complex peptide mixtures. With the additional molecular mass information given by the gel, this method has proven to be as effective and efficient as the gel-free 2D LC method that had been successfully applied to complex protein mixtures (31) and membrane proteome (33) analysis.
Of the 739 proteins identified unambiguously, more than 400 proteins were found for the first time in a proteomic study. Of the 85 transmembrane proteins identified, only six of them have been reported previously (Table II and Supplementary  Table I ). These results suggest that this 1D gel-LC-MS/MS approach provides a far more comprehensive membrane protein profile than 2-DE-based approaches. Of note is that 32 of the transmembrane proteins identified belong to the functional subgroup of the cell envelope (Group II.C, Fig. 7b ). Of the 787 total genome-based predicted transmembrane proteins, 244 proteins fall into this functional category. Therefore, about 13.1% (32 of 244) of the total predicted proteins in this functional category were identified. In addition, if the proteins identified through the single peptide matches are included, then an additional 10 transmembrane proteins will be included in this functional group. Furthermore, it should be noted that although the membrane proteins represent only about 12% of the overall identified proteomic profile, many other proteins were found to be membrane-associated. For example, 90 proteins were identified as being involved in energy metabolism, and another 32 proteins could be functional in lipid biosynthesis. Because of their functional categories, it can be postulated that these proteins are intensively interacting with the MTB membrane and participating in membrane biochemical processes.
Because certain membrane proteins play vital roles in many cellular processes, they may become important targets for diagnosis and therapeutics. Some molecular approaches target receptors, such as ligand-gated ion channel and voltagedependent ion channel proteins located in membranes (34) . In our proteomic profile, multiple protein factors involved in these processes were simultaneously identified. For example, because of its high specificity, the PhoS antigen is widely used in the serodiagnosis of TB. However, because of the lack of sensitivity the detection of this antigen for diagnosis is not very reliable (35) . Many studies have searched for novel sensitive, immunodominant MTB antigens. MTSA-10 (Rv3874) was found to be hypersensitive in TB-infected but not in vaccine-immunized animals (36) . In another study directed toward improving the accuracy of serological diagnosis for TB, nine novel antigens including ggtB (Rv2394), lprF (Rv1368), lpqD (Rv3390), and Rv0875c were found to be potential candidates for a serodiagnostic test (37) . The early secreted protein ESAT6 (Rv3875) that can stimulate CD4 ϩ T-cells from tuberculosis patients was also identified in our study. Importantly, ESAT6 can also induce the mRNA transcripts of the macrophage inflammatory proteins, monocyte chemotactic protein and IFN-␥, in peripheral blood mononuclear cells from tuberculosis patients (38, 39) . With proteomic validation, ESAT6 can be proposed to be an antigen for TB clinic detection. Antigen 85A (Rv3804c) can be recognized by antibodies from an HIV-infected TB patient (35) . In a study of TB comparative gene expression, antigen 85A and rpoB (Rv0667) were found to be expressed inside macrophage cells, whereas antigen 85B (Rv1886c) and rpoV (Rv2703, sigA, RNA polymerase factor) were found to be expressed only in the in vitro culture (40) . This type of study can help us to understand the factors involved in the MTB response to external stress. All the proteins mentioned above were identified in this study. In addition, these proteins, such as lprF, lpqD, Rv0875c, antigen 85A, and antigen 85B, all possess transmembrane helices. Thus, many important proteins with clinical potential involve cell membrane-associated processes.
CONCLUSION
For the first time, we have obtained a relatively comprehensive protein profile for the membrane composition of the MTB H37Rv strain. Including those proteins with single peptide matches, there are 976 unique proteins identified through the integrated 1D SDS-LC-MS/MS approach. Based on the 1D SDS-PAGE coupled with the high throughput LC-nanospray-MS/MS method, the complex proteome of the MTB membrane fraction was profiled, and novel proteins were identified. Proteins with serodiagnostic potential were identified that both transmembrane proteins and non-membrane proteins contained in membrane fractions. These novel proteins identified in our proteomic approach have provided new insights into the MTB membrane proteome and provide antigen, vaccine, and anti-TB drug targets. and by United States Department of Energy Grants ERW9840 and KP1103010 (to X. C.). This is publication No. LA-UR-03-4877 from the Los Alamos National Laboratory. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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